Background-Collectrin, a homologue of angiotensin converting enzyme 2, is expressed in pancreatic ␤ cells and renal proximal tubular and collecting duct cells under the control of hepatocyte nuclear factors-1␣ and -1␤. Because collectrin interacts with the soluble N-ethylmaleiamide-sensitive factor attachment protein receptor (SNARE) complexes, we investigated whether collectrin is involved in sodium handling in hypertension by vesicle trafficking of apical membrane proteins. Methods and Results-Collectrin physically interacts with the SNARE complex: snapin, synaptosomal-associated protein 23 kDa, syntaxin-4, and vesicle-associated membrane protein-2 in mIMCD-3 cells. siRNA knockdown of collectrin resulted in a reduction in membrane-associated aquaporin-2, ␣-epithelial Na ϩ channel, and H ϩ -ATPase. Collectrin and SNARE proteins were abundantly expressed in collecting ducts of Wistar-Kyoto rats. Wistar-Kyoto rats and spontaneously hypertensive rats 7 weeks of age were subjected to normal-salt (1% NaCl) and high-salt (8% NaCl) chow for 10 weeks. High-salt chow prominently elevated blood pressure, oral intake, and urinary excretion of NaCl and water in both groups. Although urinary excretion of aldosterone was significantly suppressed in both groups, collectrin expression was upregulated and associated with the maintenance of aquaporin-2, ␣-epithelial Na ϩ channel, and H ϩ -ATPase in membrane fractions. Collectrin promoter activities and mRNA and protein expressions were upregulated and ubiquitinated collectrin was reduced by high NaCl (175 to 225 mmol/L) and not altered by 1 mol/L aldosterone in mIMCD-3 cells.
C ollectrin, a homologue of angiotensin-converting enzyme 2 (ACE2), is a type I transmembrane protein; we originally reported its localization to the cytoplasm and apical membrane of collecting duct cells. 1 The collectrin gene is located in the immediate proximity of the ace2 locus, and ACE2 may be a chimeric protein emerging from the duplication of 2 genes, having homology with ACE at the catalytic domain and homology with collectrin in the membrane proximal domain. Unlike ACE and ACE2, collectrin lacks an N-terminal active dipeptidyl carboxypeptidase catalytic domain; thus, its biology has not been well established.
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Collectrin has been reported to be under the control of transcriptional regulation by hepatocyte nuclear factor (HNF)-1␣, which also is expressed in pancreatic ␤ cells 2,3 and renal proximal tubules. 4, 5 Collectrin localizes at the vesicle membrane (VM) and plasma membrane (PM) of pancreatic ␤ cells and at the luminal side of brush border membranes of renal proximal tubular cells. We also described that collectrin is a target of HNF-1␤ and expressed in apical PMs and primary cilium of renal collecting duct cells. 6 Targeted disruption of HNF-1␣ resulted in diabetes and a renal phenotype with Fanconi syndrome characterized by glucosuria, phosphaturia, calciuria, and aminoaciduria. 7 The renalspecific inactivation of HNF-1␤ causes polycystic kidney disease, and renal cyst formation is accompanied by a drastic defect in the transcriptional activation of HNF-1␤-targeted genes such as collectrin and several polycystic kidney disease-related genes, including Umod, Pkhd1, Pkd2, and Tg737/Polaris. Furthermore, the mutations in the HNF-1␤ gene are seen in the autosomal-dominant disorder MODY5 (maturity-onset diabetes mellitus of the young, type 5). MODY5 patients manifest with type 2 diabetes and develop congenital kidney abnormalities, including simple cysts, polycystic kidneys, cystic dysplasia, and glomerulocystic kidney disease. We reported that collectrin is a primary cilia-associated membrane protein that is involved in ciliogenesis and renal cyst formation in in vitro culture experiments. Collectrin also is localized in the vesicles near the peribasal body region at the base of primary cilia and binds to ␥-actin-myosin II-A, the soluble N-ethylmaleiamide-sensitive factor attachment protein receptor (SNARE), and polycystin-2-polaris complexes; all of these are involved in intracellular and ciliary movement of vesicles and membrane proteins. 6 Recently, 2 independent studies reported that the targeted disruption of collectrin in mice resulted in severe and general defects in renal amino acid uptake. 4, 5 The deficiency of collectrin was associated with a reduction in multiple amino acid transporters on luminal membranes. Collectrin knockout mice are lacking the phenotype of diabetes, hypertension, and renal cystic formation; however, we can speculate that collectrin plays a role in the pathophysiology of pancreatic ␤ cells and collecting duct cells because other genes such as ACE2 may compensate for the action of collectrin in the gene disruption studies. We reported that collectrin binds to the SNARE complex by interacting with snapin, a synaptosomalassociated protein of 25 kDa (SNAP-25)-binding protein, and it facilitates the SNARE complex formation. 2, 6 In pancreatic ␤ cells, collectrin facilitates the insulin exocytosis by regulating the SNARE complex formation. 2 The interaction between collectrin and the SNARE complex may explain the reduction in multiple amino acid transporters on brush borders of renal proximal tubules.
In line with the evidence, we hypothesized that collectrin plays a role in vesicle trafficking of various apical membrane proteins in a polarized manner by interacting with SNARE complexes and that collectrin is critically involved in sodium and water handling in hypertension. Thus, we investigated the role of collectrin in salt-sensitive hypertension in Wistar-Kyoto (WKY) and spontaneously hypertensive rats (SHRs) treated with a high-sodium-chloride diet. 8 In various saltsensitive hypertensive rats, it has been reported that highsalt-induced upregulated expression of ACE2 was blunted 9 and that the whole picture of renin-angiotensin-aldosterone system (RAAS) regulation in the kidney in hypertension is rather complex. In the present report, we attempted to characterize the function of collectrin besides what is known about RAAS in the regulation of blood pressure homeostasis.
Methods

Antibodies
For details, see the online-only Data Supplement.
Polymerase Chain Reaction of SNARE-Associated Proteins in mIMCD-3 Cells
For details, see the online Data Supplement.
Preparation of Stable mIMCD-3 Cell Lines Overexpressing Collectrin and siRNA Experiments
Stable mIMCD-3 cell lines overexpressing collectrin (collectrin stable cell lines) were prepared as described. 6 siRNA cocktail (siTrio) targeting mouse collectrin (NM_020626) and siTrionegative control cocktail were purchased from Dharmacon (Lafayette, Colo), and transfections were carried out with Lipofectamine 2000 reagent (Invitrogen, Carlsbad, Calif). Stable cell lines and siRNA-treated cells were used for immunoprecipitation and immunofluorescence studies as described previously. 6
Animal Experiments
Seven-week-old male SHRs (nϭ28) and WKY rats (nϭ28) were used (Japan SLC, Hamamatsu, Japan). Systolic blood pressure was measured by the indirect tail-cuff technique. At 9 weeks of age, SHRs and WKY rats were randomized to 2 groups and were fed MF chow containing 1% or 8% NaCl (Oriental Yeast, Tokyo, Japan), respectively. The 1% NaCl chow was chosen as normal-salt chow because it is similar to standard rat chow. Although 4% NaCl is sufficiently high to elevate blood pressure in SHRs, 10 8% NaCl chow induced marked interstitial fibrosis in heart and kidney; thus, 8% NaCl chow was used as high-salt chow. 8 The 1% NaCl chow corresponds to the recommended daily average salt intake in the United States, 11 and 8% NaCl chow corresponds to a Japanese-style diet with elevated daily salt intake. 12 At 17 weeks of age, the rats were placed in metabolic cages to obtain 24-hour urine collections, and their daily albumin and sodium excretion levels were measured. After kidney tissues were collected, they were subjected to the following experiments. Wild and collectrin-deficient male mice were treated with salt-deficient, normal-salt, and high-salt chow, and the blood pressure levels were measured. For details, see the Data Supplement.
Northern and Western Blotting
For the expression studies of collectrin mRNA in rats, total RNAs were isolated from kidney cortex and medulla of SHRs and WKY rats fed MF chow containing 1% and 8% NaCl. Total RNAs (40 g) were subjected to Northern blot analyses. Human G3PDH cDNA probe (BD Bioscience, Palo Alto, Calif) was used as an internal control. For Western blot analyses, subcellular fractions of WKY rats and SHR kidneys were prepared by differential centrifugation as described. 13 Promoter Assay mIMCD3 cells were seeded onto 24-well plates and allowed to grow to 80% confluence. mIMCD3 cells were transiently transfected with 1.0 g pGL4 carrying a 5Ј-flanking collectrin promoter lesion expanding from Ϫ2323 to Ϫ1 bp (pGL4 -2K) using Transfast Transfection Reagent (Promega Corp, Madison, Wis) per the manufacturer's instructions. To normalize transfection efficiency, 40 ng pGL4.73[hRluc/ SV40], which expresses Renilla luciferase (Promega), was cotransfected. Luciferase activities were measured with a dual-luciferase assay system (Promega). The firefly luciferase activity of the collectrin promoter plasmid (pGL4 -2K) was normalized with Renilla luciferase activity.
Quantitative Real-Time Polymerase Chain Reaction
Total RNA was purified from mIMCD-3 cells with QIAzol Reagent (Qiagen, Valencia, Calif). mIMCD3 cell lines were cultured by following the manufacturer's instructions (ATCC, Manassas, Va) and treated with aldosterone (1 mol/L), fluid flow on an orbital shaker at Ϸ1 Hz, and NaCl (175, 200, 225, and 275 mmol/L) for 8 hours, respectively. cDNAs were synthesized from 2.5 g total RNA and analyzed with the LightCycler-FastStart DNA master SYBR Green I system (Roche Diagnostics, Basel, Switzerland) and specific primers. The relative abundance of mRNAs was standardized with ␤-actin mRNA as the invariant control. The primer sets for mouse collectrin, ␣-epithelial Na ϩ channel (␣-ENaC), Sgk1, and ␤-actin were purchased from Nihon Gene Research Laboratory (Sendai, Japan).
Enrichment of Ubiquitinated Protein and Western Blot
mIMCD3 cell and kidney tissues were lysed in radioimmunoprecipitation assay buffer, and the homogenates (100 g/30 L) were mixed with 270 L TBS buffer and incubated with 20 L polyubiquitinaffinity resin using the Ubiquitin Enrichment Kit (Pierce, Rockford, Ill). Polyubiquitin-affinity resin was loaded to the spin column and washed, and then the polyubiquitinated proteins were eluted with 75 L SDS-PAGE sample loading buffer. The final products (15 L) were analyzed with Western blot analysis with rabbit anti-collectrin and mouse anti-monoubiquitinated and anti-polyubiquitinated conjugate antibodies (FK2) (BIOMOL, Plymouth Meeting, Pa).
Data Analyses
Data are expressed as meanϮSEM. Differences between multiple groups were compared by ANOVA. Two-group analysis was performed with a Student t test.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Collectrin Interacts With SNARE-Associated Proteins in mIMCD-3 Cells
In a previous study, snapin and SNAP-25 binding protein were isolated by the yeast 2-hybrid system with full-length collectrin used as bait. 2 Snapin is a component of the SNARE complex, and we further investigated the expression of SNARE-associated proteins in mouse collecting duct cell line (mIMCD-3 cells). mRNA expression of collectrin and SNARE-associated proteins such as snapin, SNAP-23, syntaxin-4, and vesicle-associated membrane protein-2 (VAMP-2) was confirmed by reversetranscription polymerase chain reaction in mIMCD-3 cells ( Figure 1A ). In mIMCD-3 cells stably overexpressing collectrin, coimmunoprecipitation studies revealed that collectrin, snapin, SNAP-23, syntaxin-4, and VAMP-2 form the SNARE complex ( Figure 1B ).
Collectrin Colocalizes With SNAP-23 and Apical Membrane Proteins
Because collectrin interacts with SNARE-associated proteins, it may be involved in trafficking of membrane proteins from VM to PM in renal collecting duct cells. Collectrin showed its immunoreactivities in cytoplasm, and it apparently was also expressed on apical and basolateral membranes in mIMCD-3 and stable cells expressing collectrin (Figure 2A and 2B, red). Collectrin was partially colocalized with SNAP-23, one of the components of SNARE-associated proteins (Figure 2A and 2B). siRNA treatment was associated with diminished expression of both collectrin and SNAP-23 ( Figure 2C ). Apical and basolateral membranes visualized with the z-axis view constructed with confocal microscopy revealed the immunoreactivities of collectrin and membrane proteins such as aquaporin-2 ( Figure 2D and 2E), ␣-ENaC ( Figure 2G and 2H), H ϩ -ATPase ( Figure 2J and 2K), and Na ϩ /K ϩ ATPase-␣1
( Figure 2M and 2N) , although collectrin and membrane proteins did not show completely matched localization. siRNA treatment resulted in diminished expression of collectrin and PM proteins, including aquaporin-2 ( Figure 2F ), ␣-ENaC ( Figure 2I ), H ϩ -ATPase ( Figure 2L ), and Na ϩ / K ϩ ATPase-␣1 ( Figure 2O ), suggesting that collectrin may be involved in the trafficking of these proteins to PMs.
Collectrin Expression in WKY Rat Kidney Tissues
To investigate the expression and localization of collectrin in vivo, we performed immunochemistry in WKY rats ( Figure  3A through 3F) and Western blotting of VM and PM fractions isolated from whole kidney lysates ( Figure 3G ). Collectrin was expressed in cytoplasm and apical membrane throughout collecting duct cells in the control rat kidney ( Figure 3A ). Furthermore, the collecting duct cells revealed prominent immunoreactivities for snapin ( Figure 3B ), SNAP-23 ( Figure 3C ), syntaxin-4 ( Figure 3D ), and VAMP-2 ( Figure 3E ). WKY rat kidneys were minced into cortex and outer and inner medulla, and then PMs and intracellular VMs were prepared by the differential centrifugation method. Collectrin was expressed in both PM and VM fractions throughout the renal tissues. Similarly, SNARE-associated proteins, including snapin, SNAP-23, syntaxin-4, and VAMP-2, were detected in PM and VM fractions in both cortex and medulla ( Figure 3G ).
Effects of Normal-and High-Salt Chow on SHRs
The effects of normal-(1%) or high-(8%) salt chows on blood pressure and renal physiology were investigated. The systolic and mean blood pressures are higher in SHRs compared with WKY rats receiving normal-salt chow. Highsalt chow significantly raised the systolic blood pressure in both WKY rats and SHRs ( Figure 4A and 4B). High-salt chow increased daily water intake and urine volume in both SHRs and WKY rats, and a more prominent increase was observed in SHRs compared with WKY rats ( Figure 4C and 4D). Similarly, sodium intake and urinary excretion increased with high-salt chow, and a prominent increase in urinary sodium excretion was noted in SHRs ( Figure 4E and 4F). Urinary albumin excretion was significantly increased in SHRs treated with high-salt chow, suggesting the presence of glomerular injuries ( Figure 4G ). Urinary aldosterone excretions were significantly suppressed in both SHRs and WKY rats treated with high-salt chow ( Figure 4H ). Severe cortical and medullar interstitial fibrosis and glomerular hypertrophy associated with extracellular matrix expansion were observed in SHRs with high-salt chow ( Figure 5G and 5H) compared with WKY rats and SHRs with normal-salt chow ( Figure 5A , 5B, 5E, and 5F). Mild cortical and medullar interstitial fibrosis and glomerular hypertrophy were observed in WKY rats on high-salt chow ( Figure 5C and 5D ).
Effects of High-Salt Chow on Collectrin-Deficient Mice
Wild-type male mice did not develop the high-salt (6% NaCl chow) -induced hypertension and were not salt sensitive. Collectrin-deficient males showed blood pressure levels sim- throughout collecting duct cells in the control rat kidney ( Figure 3A ). Furthermore, the collecting duct cells revealed prominent immunoreactivities for snapin ( Figure 3B ), SNAP-23 ( Figure 3C ), syntaxin-4 ( Figure 3D ), and VAMP-2 ( Figure 3E ). WKY rat kidneys were minced into cortex and outer and inner medulla, and then PMs and intracellular VMs were prepared by the differential centrifugation method. Collectrin was expressed in both PM and VM fractions throughout the renal tissues. Similarly, SNARE-associated proteins, including snapin, SNAP-23, syntaxin-4, and VAMP-2, were detected in PM and VM fractions in both cortex and medulla ( Figure 3G ).
Effects of Normal-and High-Salt Chow on SHRs
The effects of normal-(1%) or high-(8%) salt chows on blood pressure and renal physiology were investigated. The systolic and mean blood pressures are higher in SHRs compared with WKY rats receiving normal-salt chow. Highsalt chow significantly raised the systolic blood pressure in both WKY rats and SHRs ( Figure 4A and 4B) . High-salt chow increased daily water intake and urine volume in both SHRs and WKY rats, and a more prominent increase was observed in SHRs compared with WKY rats (Figure 4C and 4D). Similarly, sodium intake and urinary excretion increased with high-salt chow, and a prominent increase in urinary sodium excretion was noted in SHRs ( Figure 4E and 4F). Urinary albumin excretion was significantly increased in SHRs treated with high-salt chow, suggesting the presence of glomerular injuries ( Figure 4G ). Urinary aldosterone excretions were significantly suppressed in both SHRs and WKY rats treated with high-salt chow ( Figure 4H ). Severe cortical and medullar interstitial fibrosis and glomerular hypertrophy associated with extracellular matrix expansion were observed in SHRs with high-salt chow ( Figure 5G and 5H) compared with WKY rats and SHRs with normal-salt chow ( Figure 5A , 5B, 5E, and 5F). Mild cortical and medullar interstitial fibrosis and glomerular hypertrophy were observed in WKY rats on high-salt chow ( Figure 5C and 5D ).
Effects of High-Salt Chow on Collectrin-Deficient Mice
Wild-type male mice did not develop the high-salt (6% NaCl chow) -induced hypertension and were not salt sensitive.
Collectrin-deficient males showed blood pressure levels sim- throughout collecting duct cells in the control rat kidney ( Figure 3A ). Furthermore, the collecting duct cells revealed prominent immunoreactivities for snapin ( Figure 3B ), SNAP-23 ( Figure 3C ), syntaxin-4 ( Figure 3D ), and VAMP-2 ( Figure 3E ). WKY rat kidneys were minced into cortex and outer and inner medulla, and then PMs and intracellular VMs were prepared by the differential centrifugation method. Collectrin was expressed in both PM and VM fractions throughout the renal tissues. Similarly, SNARE-associated proteins, including snapin, SNAP-23, syntaxin-4, and VAMP-2, were detected in PM and VM fractions in both cortex and medulla ( Figure 3G ).
Effects of Normal-and High-Salt Chow on SHRs
The effects of normal-(1%) or high-(8%) salt chows on blood pressure and renal physiology were investigated. The systolic and mean blood pressures are higher in SHRs compared with WKY rats receiving normal-salt chow. Highsalt chow significantly raised the systolic blood pressure in both WKY rats and SHRs ( Figure 4A and 4B) . High-salt chow increased daily water intake and urine volume in both SHRs and WKY rats, and a more prominent increase was observed in SHRs compared with WKY rats (Figure 4C and 4D). Similarly, sodium intake and urinary excretion increased with high-salt chow, and a prominent increase in urinary sodium excretion was noted in SHRs ( Figure 4E and 4F ). Urinary albumin excretion was significantly increased in SHRs treated with high-salt chow, suggesting the presence of glomerular injuries ( Figure 4G ). Urinary aldosterone excretions were significantly suppressed in both SHRs and WKY rats treated with high-salt chow ( Figure 4H ). Severe cortical and medullar interstitial fibrosis and glomerular hypertrophy associated with extracellular matrix expansion were observed in SHRs with high-salt chow ( Figure 5G and 5H) compared with WKY rats and SHRs with normal-salt chow ( Figure 5A , 5B, 5E, and 5F). Mild cortical and medullar interstitial fibrosis and glomerular hypertrophy were observed in WKY rats on high-salt chow ( Figure 5C and 5D ).
Effects of High-Salt Chow on Collectrin-Deficient Mice
Wild-type male mice did not develop the high-salt (6% NaCl chow) -induced hypertension and were not salt sensitive. Collectrin-deficient males showed blood pressure levels sim- 
Expression of Collectrin and Ion/Water Channels in SHRs
Immunofluorescence studies revealed that collectrin expression in renal collecting duct epithelia in the cortex region was upregulated by the treatment of high-salt chow in WKY rats. Similarly, upregulation was observed in SHRs by the treatment of high-salt chow, although the response was rather mild ( Figure 6A ). Northern blot analyses also supported such observations, and collectrin mRNA isolated from renal cortex and medulla was upregulated in WKY rats and SHRs with high-salt chow ( Figure 6B ). Western blot analyses using whole lysates from renal cortex revealed that high-salt chow prominently upregulated the protein expression of collectrin, aquaporin-2, ␣-ENaC, H ϩ -ATPase, and Na ϩ /K ϩ ATPase-␣1 in renal cortex, whereas collectrin and aquaporin-2 were upregulated in renal medulla of WKY rats ( Figure 6C ). In SHRs, treatment with high-salt chow upregulated collectrin expression, whereas expression of other membrane proteins, including aquaporin-2, ␣-ENaC, H ϩ -ATPase, and Na ϩ / K ϩ ATPase-␣1, was not altered in renal cortex and medulla ( Figure 6C ). In addition, the expression of Sgk1 was enhanced by high-salt chow in the renal cortex of SHRs compared with WKY rats. The kidney whole lysates were further fractionated into VM and PM fractions, and Western blot analyses were performed. In WKY rats and SHRs, collectrin expression was prominent in PM fractions compared with VM fractions under normal-and high-salt chow conditions. Similarly, all apical membrane proteins such as aquaporin-2, ␣-ENaC, and H ϩ -ATPase were accentuated in PM fractions compared with VM fractions in WKY rats and SHRs in both normal-and high-salt chow conditions ( Figure  6D ). The expression of basolateral membrane protein, Na ϩ / K ϩ ATPase-␣1, was almost similar in the VM and PM fractions in both WKY rats and SHRs ( Figure 6D ).
Expression Regulation of Collectrin in mIMCD3 Cells
To determine the regulation of collectrin mRNA expression, we performed a collectrin gene promoter assay using mIMCD3 cells treated with 1 mol/L aldosterone, continuous fluid flow on orbital shaker at 1 Hz, and high-NaCl conditions-175, 200, 225, and 275 mmol/L-for 8 hours. Relative luciferase activities increased by Ϸ5-fold with the addition of 50 and 75 mmol/L NaCl compared with control media containing 125 mmol/L NaCl. Luciferase activities were progressively reduced in mIMCD3 cells treated with higher concentrations of NaCl, 225 and 275 mmol/L ( Figure 7A ). The luciferase activities were not altered by the treatment of 1 mol/L aldosterone or continuous fluid flow. Unexpectedly, collectrin mRNA expression was upregulated only 2-fold in the media containing 175 mmol/L NaCl, and upregulation of collectrin mRNA was not obvious under higher NaCl concentrations ( Figure 7B ). mRNA expression of ␣-ENaC was upregulated by treatment with 1 mol/L aldosterone but was not altered by treatment with higher NaCl concentrations. mRNA expression of Sgk1 was upregulated by the addition of 1 mol/L aldosterone and sodium chloride in a dose-dependent manner.
Collectrin Protein Expression Is Regulated by Ubiquitination
Because the elevation of collectrin mRNA expressions was rather mild in mIMCD3 cells treated with high-salt condi- tions, we further investigated collectrin protein expression and its ubiquitination. Western blot analyses of collectrin revealed a prominent increase in mIMCD3 cells grown in the media containing 175, 200, and 225 mmol/L NaCl, whereas collectrin protein expression was not altered in mIMCD3 cells treated with 1 mol/L aldosterone, continuous fluid flow, and 275 mmol/L NaCl. The protein levels of ␣-ENaC and Sgk1 were upregulated by the addition of sodium chloride and 1 mol/L aldosterone; the protein expression remained at control levels in mIMCD3 cells treated with continuous flow ( Figure 8A ). It has been reported that the increase in ␣-ENaC protein in renal tubular cells is regulated by decreased ubiquitination rather than transcriptional upregulation of ␣-ENaC mRNA itself. Furthermore, aldosterone-induced Sgk1 expression is accompanied by decreasing ubiquitin ligase Nedd4-2 phosphorylation and Nedd4-2dependent ENaC retrieval from the PM. Thus, we further examined ubiquitination of collectrin protein in mIMCD3 cells and kidney tissues. mIMCD3 cell and kidney tissues were lysed in radioimmunoprecipitation assay buffer; ubiquitinated proteins were isolated by polyubiquitin-affinity resin. Western blot analysis with mouse anti-monoubiquitinated and anti-polyubiquitinated conjugate antibodies revealed that almost equal amounts of ubiquitinated proteins were purified in mIMCD3 cells and kidney tissues ( Figure 8B ). The ubiquitination of collectrin was reduced in mIMCD3 cells grown in the media containing 175, 200, and 225 mmol/L NaCl. In renal tissues in WKY rats, the ubiquitination of collectrin protein was reduced by treatment with high-salt chow in both the cortex and medulla, whereas such a downregulation was not observed in SHRs ( Figure 8C ). Taken together, these results show that upregulation of collectrin protein in both mIMCD3 cells and renal tissues by treatment of high-sodium-chloride conditions was mediated by reduced ubiquitation of the collectrin in both WKY rats and SHR. 14
Discussion
ACE is a key enzyme in the RAAS and converts angiotensin I to the vasoconstrictor angiotensin II, which is thought to be responsible for most of the physiological and pathophysiological effects of the RAAS. This classic view of the RAAS was challenged with the discovery of the enzyme ACE2, which degrades angiotensin II and leads to the formation of the vasodilatory and antiproliferative peptide angiotensin (1) (2) (3) (4) (5) (6) (7) . 14 The identification of ACE2 in the heart and kidney adds further complexity to the RAAS. It is believed that ACE2 acts in a counterregulatory manner to ACE to modulate the balance between vasoconstrictors and vasodilators within the heart and kidney and thus may play a significant role in the pathophysi-ology of cardiac and renal diseases. Collectrin is a member of the ACE family; however, it lacks N-terminal active dipeptidyl carboxypeptidase catalytic domain, unlike ACE and ACE2, and shares collectrin domain with ACE2. Thus, it has not been well established how and where collectrin is functionally integrated into RAAS, especially in the context of blood pressure regulation. We reported that collectrin physically interacts with snapin and further demonstrated that collectrin forms the SNARE complex with snapin, SNAP-23, syntaxin-4, and VAMP-2 in collecting duct cells. The specific localization of apical membrane proteins such as aquaporin-2, H ϩ -ATPase, and ␣-ENaC in a polarized manner was reported to be mediated by SNAP-23, 15 syntaxin-4, 13 and other SNARE complex proteins. In the present study, overexpression of collectrin and siRNA knockdown experiments in mIMCD3 cells revealed that the sorting and distribution of aquaporin-2, ␣-ENaC, H ϩ -ATPase, and Na ϩ /K ϩ ATPase-␣1 on PM are functionally mediated by collectrin. The specific localization of collectrin in apical membrane of collecting duct cells suggests that collectrin mediates the vesicle trafficking of various apical membrane proteins in a polarized manner by interacting with the SNARE complexes and that collectrin may play a role in sodium and water handling in hypertension.
Aldosterone controls the final sodium reabsorption and potassium secretion in the kidney by regulating the activity of the ENaC in the aldosterone-sensitive distal nephron. ␣-ENaC is an aldosterone-induced transcript by direct binding of the ligated mineracorticoid receptor (MR) to hormone binding elements in the ␣-ENaC promoter in collecting duct cells. 16 In addition, the aldosterone-induced regulatory protein Sgk1 17 increases the PM abundance of ENaC by the phosphorylation of Nedd4-2, blockade of its binding to ENaC, and subsequent reduction of ubiquitin ligase activities. Thus, the lack of Sgk1 in mice revealed protective effects on the salt-sensitive hypertension induced by a high-fat/high-salt diet. 18 High-salt diet, or sodium loading, induced hypertension and renal tissue injuries in both humans and rodents such as WKY rats and SHRs. 8 Although ACE inhibitors, angiotensin-receptor blockers, and selective MR antagonists exert blood pressure-lowering effects and renoprotective properties, circulating and urinary aldosterone levels are prominently suppressed under high-salt diet conditions. It has been reported that salt loading reduced circulating aldosterone but increased nuclear MR and Sgk1 in the kidney of SHR/ NDmcr-cp. Such paradoxical activation of MR and Sgk1 may be explained by the oxidative stress induced by a high-salt diet. 19 In the present study, we demonstrated that collectrin mRNA and protein expression in renal tissues is increased by treatment with a high-salt diet in both WKY rats and SHRs. In WKY rats, the expression of apical membrane proteins such as collectrin, aquaporin-2, ␣-ENaC, and H ϩ -ATPase is maintained in the PM fractions, although the animals were treated with a high-salt diet and urinary aldosterone levels were significantly reduced. Furthermore, the salt intake was prominently increased in SHRs, and these apical membrane proteins were still maintained in the PM fractions, although collectrin upregulation was rather mild compared with WKY rats. The expression of ENaC may be partly sustained by the activation of MR and Sgk1; however, the maintenance of ENaC in PM is facilitated by upregulation of collectrin via the protein trafficking with SNARE proteins. Certainly, we should further examine other salt-sensitive rat models or collectrin knockout mice of a salt-sensitive strain. Dahl salt-sensitive rats exhibit high sensitivity to aldosterone, and it may be difficult to dissect out the function of collectrin under a high-salt diet. Thus, WKY rat and SHR models with mild to moderate salt sensitivity were used in the present study. In addition, we demonstrated that the mice on a mixed background of 129ϫC57BL/6 may not be a suitable model to reveal protection from salt-induced hypertension by deletion of the collectrin gene.
Next, we investigated the mechanism of high-salt-induced upregulation of collectrin. Luciferase reporter gene assay revealed that transcriptional activities were not altered by the stimulation of aldosterone. Because we reported that collectrin is colocalized with primary ciliary membranes of renal tubular cells and that the primary cilia are recognized as a mechanical sensor, we stimulated the mIMCD3 cells by continuous flow of the media. However, luciferase activity is not changed by the continuous-flow stimulation. In contrast to these stimuli, sodium chloride treatment ranging from 175 to 225 mmol/L significantly upregulated luciferase activity; however, the upregulation of collectrin mRNA was not as impressive in mIMCD3 cells. Thus, we next investigated the ubiquitination of collectrin protein. It was reduced in mIMCD3 cells treated with sodium chloride ranging from 175 to 225 mmol/L and in renal cortex and medulla tissues in WKY rats and SHRs treated with high-salt chow.
Taken together, these results show that in salt-sensitive hypertension the retention of sodium and water seems to be partly mediated by the upregulation of collectrin. Transcriptional activities of collectrin were upregulated by high-salt simulation but not altered by aldosterone or mechanical-flow stimulation. In addition to transcriptional regulation, collectrin protein was rather upregulated, with the increasing concentration of sodium chloride associated with reduced ubiquitination of collectrin. With the high-salt diet, aldosterone is prominently suppressed, and the recruitment of ENaC to apical membrane fractions is explained partly by the Figure 8 . Western blot analyses of collectrin, ␣-ENaC, and Sgk1 in mIMCD3 cells and ubiquitination of collectrin. A, In mIMCD3 cells, collectrin is upregulated by high-sodium-chloride conditions (175 to 225 mmol/L), whereas ␣-ENaC and Sgk1 are increased by the treatment of aldosterone (1 mol/L) and high-sodium-chloride conditions (175 to 275 mmol/L). B, C, mIMCD3 cell and kidney tissues were lysed in radioimmunoprecipitation assay buffer, and polyubiquitinated proteins were eluted and blotted with rabbit mouse antimonoubiquitinated and anti-polyubiquitinated conjugate antibodies (B) and anti-collectrin antibody (C). Equal amounts of ubiquitinated proteins are isolated (B). In mIMCD3 cells, high-sodium-chloride conditions (175 to 225 mmol/L) reduced ubiquitinated collectrin, and in WKY rats and SHRs, high-salt chow decreased ubiquitinated collectrin (C).
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Circulation November 18, 2008 paradoxical upregulation of Sgk1 and MR. Here, we postulate that upregulation of collectrin by high sodium chloride independent of aldosterone functionally links to the trafficking of apical membrane proteins via the SNARE complex and that collectrin may be responsible for the sodium and water retention in salt-sensitive hypertension. Now, we would like to add collectrin, a new ACE gene member, to the RAAS in the context of ion and water handling in the kidney.
